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is interesting as it probes a wide variety of phenomena including the

electrical conductivity along with any relaxations which may be present it,

the material including that associated with the glass transition.

Consequently, it is worth reviewing some of what is known concerning the

dielectric properties of these materials. The discussion will be limited

to poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO).
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1. INTRODUCTION

S

Beyond their interest as fundamental properties of a matc-ial, ti""

dielectric constant and loss are of particular significance for ion

conducting polymers. For example, the dielectric constant plays a

fundamental role in the ability of a polymer to dissolve salts. The rescn

is that the dielectric constant is a measure of the reduction of Coulomb

interactions and thus high dielectric constant fluids greatly re-luce

ion-ion interactions, inhibiting crystal formation. The dielectric loss

is interesting as it probes a wide variety of phenomena including the

electrical conductivity along with any relaxations which may be present in

the material including that associated with the glass transition.

Consequently, it is worth reviewing some of what is known concerning the N

dielectric properties of these materials. The discussion will be limited

to poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO). 5

2. DEFINITIONS AND BASIC CONCEPTS

The best approach to the dielectric constant is via the pDlarization

vector (dipole moment per unit volume): 2

where c is the permittivity of free space, Xe is tc electric "'
0"

susceptibility, and E is the electric field. Next, the electric

displacement vector, D, is defined to be: 

D = cE + P (2)

from which it follows that:

2
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D= c (1 + X )E (3)

which leads to the definition of the real part of the diolectr:. cor. S

(relative permittivity), c', as:

C' = 1 + Xe (4)

so that:

D = l'E (5)
O ~-~0

The imaginary part of the dielectric constant, c", is related to the

electrical conductivity, a, which is defined by: -

J = aE(6

where J is the electric current density. Thn definition of c_" c'llcws

from Maxwell's equation (in this case written for harmonic field,5):

V x H = jwD + J (7)

where H is usually known as the magnetic field intensity. Substituting,

then, -,

V x H = (je 0 + o)E (5)
- 0"

and thus

V x H = jwt (' - jo/O w)E (9)

from which the definition: -

E" = o/W (10) %

follows in order to define the complex dieIectric constant: %

C ElC = C' - j3 " (11)

Often, the loss tangent:

tan6 = '/c' = o/ we' (12)
0

is also defined which is a measure of the ratio of the conduction current

relative to the displacement current. It is important to realize, then,

that thp true real part of the dielectric constant arises irom t.e

3%

V

%le

A e n:-



polarization of the material as given by Eq. ().

Often, confusion concerning the dielectric constant arises because

of the operational definition of the real part of the diele~tri, constant

(which is here designated as the apparent dielectric constant)AIs:

C f = C/C (13)app 0

where C is the capacitance of any configuration of electrojes where tY,0

space surrounding them is vacuum and C is the capacitance with Jin isctr-)-24

material filling the space. The confusion arises because charz,,s whil or-

free to move within the material, but are blocked at the electrcles, cIr,

give a large contribution to the capacitance measured by 3n,

This has been referred to as space charge polarization and is cft'en

3
observed in ionic conductors. (In the case of lanthanum fluoride, the

'4
polarization effects are apparently due to surface effects. ) As this

contribution is a consequence of the ionic conductivity, it will be tcth

frequency and temperatu:, lcendent. Specifically, the apperent dielectric

constant will decreaso as frequency increases and will decreas- as

temperature decreases. Thp reason for identifying this false ,;>trihution

to the dielectric constant in the case of polymers, of course, is that it

does not contribute to the solvation characteristics of toe material.

The operational definition of the imaginary part of the ,;eletric

constant is often taken to be:

/" = 0/uC (14)
0

where G is trie conductance of the material. Cons-.untly, 0/u differs

from c" only via E and the geometrical factor cont, ined in C . Toere
0

14
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are no 3mbiguities associated w4ith this definition of c,, other than h:.

*msciaedwith separating the various contributions whic-h ~c~~Car

done via the frequency and temperature dependence.
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3. Poly(ethylene oxide) and Poly(nropylene oxide) S

A plot of the "apparent" real and imaginary parts of the dielectric

constant for PEO vs. temperature is shown in Fig. 1. The two r:i1axation

regions usually seen 5 - 18 in this material, a and Y, are apparo-t in tr,

imaginary parts along with their contributions to the real part of the

dielectric constant.

As regards its impact on the solubility of ions in PEO, the real

part of the dielectric constant is an extremely important component of

these results. The false part of the dieictric constant, that due to

space charge or surface effects is apparent at high temperatures. As

discussed in section 2, it is identifiable by its strong frequ-ncy and.

temperature dependence. It is seen to be insignificant below the glass

transition temperature. Qualitatively subtracting off this contribution,

the dielectric constant of the solid at about room temperature is

approximately 4. Aside from a possible small contribution from the a I

rolaxation, this represents the dielectric constant of typical PEO at room

temperature. This implies very little reduction of ion-ion intrractions

and thus raises the question of why PEO has such an afinity for ions. Tne

13 Sanswer can be found in the dati of Porter and Boyd 1 3 wh( rtudief, the

dielectric constant of both molten and solid PEO. Their data are shown in

Fig. 2 and it is seen that the dielectric constant of molten, and nence %

amorphous PEO is approximately 8. This shows at least part of the reason

why 1EO is a fairly effective solvent for a large number of salts.

This line of reasoning can be pursued further by considering the

dielectric constant of PPO which is shown in Fig. 3.19 2C T 1 dt' are

!6
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I,
similar to that reported by Varadarajan and Boyer2 1  Th21 ciff-renes F.iy

be due to the fact that those authors studied low molecular weifht (OA,)

material while the present work is for PAREL 58 elastomer (Hercules, Ir:*.)

which is a high molecular weight material which contains about , of ailyl

glycidyl ether. However, the differences are within the approx'r! tiy 1b

uncertainty of the absolute dielectric constant for the present work. Tne

relative variation with temperature or frequency is accurate al -bout

0.1% level. It is apparent that the dielectric constart of :Fbe.t, .5 is

smaller than for amorphous PEO. This is a consequence of the r. :syl Frgup 'N

making PPO less polar than PEO and correlates with the lact th.- PPO is not

as strong a solvent as PEO. In fact, it has been recently shor..,

that at elevated temperatures salts have a tendency to precipitt- - cat of '

20 0
PPO. Indeed, it has been observed that the higher the meltin: po:at of

the salt, the lower the salt precipitation temperature implying that the

stronger the ion-ion interaction, the easier it is for the salt to

precipitate out. In ref. 20 it was pointed out that thF v3riation of the

dielectric constant with temperature shown in Fig. 3 can be used to cxplan '€

the effect. Specifically, it is seen that the dielectric constant

decreases as temperature increases in PrO and thus screening of the Coulomb

interaction becomes weaker as temperature increases.

For PEO, the variation of the dielectric constant with t-mperature

within the amorphous phase is not clear at the present time. Before the

crystalline phase melts, the dielectric constant of the bulk material

actually increases with increasing temperature. This is apparent from Fig.

la and is expected in that the strength of the loss peak associated with

the glass transition, a , increases as temperature increases is seen in

7
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"I

Fig. lb. This behavior often occurs in semicrystalline polymers. Howevrr,

the variation of the dielectric constant with temperature atove the ml .ng

point remains to be determined. It is likely that it will oehav. si7c. riy

to the results for PPO shown in Fig. 3 where Curie-Weiss benavi,)r is seen

i.e. both the loss peak and dielectric constant decrease approxir:.tely as

I/T. In any event salt precipitation, if it occurs, will taKe pLace at

higher temperatures than in PPO because of the higher diel ctri> "onztant

of PEO.

It has been well established that the a relaxation in and '2e0
a

a relaxation in PPO are associated with th. glass transi*r.on. For

example, for typical loss peaks as shown in Fig. 4, it ha- been :hown,-

that the peak position, which is approximately equal to recipro .of )-

the relaxation time, follows a VTF equation:

p AT - 1 12 exp-[Ea/k(T-To) ]  (1
p

26
T imaginary part of the iHavriliak-Ne:ami function for tri, coplrx

capacitance, C*=C-jG/w:

C =

[ + (iWt) (1-)]6

was best-fitted to the data in order to determine the peK :ositons.

Typical results are shown in Fig. 4. For the three tempc!rttures, the three

constant Havriliak-Negami parameters were found to be D=C. , a=.75, and

=0.53 while T varied from 1.84xlO s to '.79x1O - s 1'xlD s for

230.8K, 221.8K, and 215.8K respectively. -y fitting Eq. ('5' t' the

-°
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relaxation time data, it. was found that Ea=O.Ct9 eV, To . '

112 - 1 - 1
log 10 A=13.95K12 cm These parameters are important for compariso-n

with the results for the ionic conductivity as discussed in section 4.

Another indication that the a relaxation is associated wi'.h the

glass transition temperature, is that these relaxations are str.-igly

dependent upon pressure as is usually the case for glass transi'!i on

temperatures. The data for and PPO 8 are shown in Figs. I. and t,

respectively. From the data it was concluded that the pna rlxutioni0
and hence the glass transition temperatures shift about 9 'k:kr for -

and 17 °C/kbar for PPO. These values are typical for gltss tran:ition1- ir

polymers.

To analyze the data from an isothermal point cf view is

However, the loss peak vs. frequency is not observable fo)r PEO the

frequencies used in the present work. This is expected on the hasis of the

data for PEO presented by Connor et al.9 Consequently, ich r ,ults can

only be presented for PPO. In that case, the quantity usually usod to

describe these processbo 'c !.he. activation volure, which is defined by:

AV = (ag! P) T (17)

where g is the Gibbs energy for the process in question. In order to treat

the a relaxation properly, a free volume expression such as Eq. (15)

should be used. The difficulty is to identify the Gibbs energy. One suc:

29
model contains the requisite form, howevr, tne rc are a iirge number of

ambiguities associated with the other terms such as the entropy ind other

29
constants. For example, Papke et al. arriveu at an ex.oressio., for the

free vDlume activation volume for electrical condo. vtty, but lid not tae

into account that T is likely to be strongly pressure c, -ndnt. r.re

09
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correct expression exists3 0 and, in fact, was used to show that T cannot
0

be equal to the glass transition temperature. That result has s~nce be,-

verified by careful fitting of electrical conductivity data.25 '28 However,

in view of the remaining ambiguities, that approach will not be :onsideed

further until a more complete free volume theory exists.

Alternatively, an "Arrhenius" activation volume can be c ISuIt:

via:

LVArr -kT( in, p/ P) T (18)

The reason that this is called an Arrhenius activation volume is that is

based on the assumption of Arrhenius behavior which, of course, is not

really valid for these materials as Eq. (18) follows from !7) under the

assumption that the process is described by:

W = c EXP(-g/KT) (19)p

where c is a pressure independent constant.

The large Arrhenius activation volume6, 46-81 cr. imo!, calculated

from Eq. (18) are understandable in that the relaxation is eontrolled by

the large scale segmental otions of the polymer chain ii';ved in the
S25

glass transition i.e. large numbers of atoms are involved in the

reorientation process and thus a large volume change of the material is

necessary as the dipoles proceed from the minimum energy position to the

saddle point.

This is in contrast to results for the "Y relaxation for FEO for

which the activation volume is found to be very small on he of

4 cm /mol. This is consistent with the usual interpretation cf as due

to the motion of very small segments of thp polvnh , :-t is

interc3ting that these motions are associated with the amorhou. pn2se and

10
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persist above the glass transition and into the molten region for FO.

It has been shown that the process exhibits Arrhenius behavior 4th an

activation energy of about 0.33 eV. Further, Rietman et al. 3 5 have pointed

out that a nuclear magnetic resonance signal with a similar activaticn %

energy exists in these materials36
. This signal is probably carr'-latd

with the Y relaxation. It follows that the motions represented oy th_,

process must be included in any complete theory of ion ccnduct. ,-,r ir,

materials.

There is another relaxation which is often observed in PEJ. TPat

relaxation is either labeled c 7 or merely a40 whch at

higher temperature (or lower frequency) than a a . That reIa: ai:' is

easily seen in the thermally stimulated depolarization current 1?SC)

results shown in Fig. 7. TSDC is essentially a very low froquency (on the

order of mHz) dielectric relaxation experiment. That relaxation is soDrmehow

13
related to the crystalline phase. However, Porter and Boyd w e nct ablt -

to identify such a relaxation in PEO.

J"

11 "
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4. PEO and PPO Containing Ions

I

Of most interest when salts are aaded to the polyetn',rs, of coer-e,

is the electrical conductivity. Insight into the conductivity can be

obtained from a study of the a relaxation. Specifically, it i ,-!ear that

for amorphous polymers the electrical conductivity exhibits VTF type

behavior and thus an equation similar to Eq. (15) is appropr'at. , namev,

I

a = AT- 11 2 exp- [E a/k(T-T ) (20)

By fitting Eq. (20) to the electrical conductivity data for PPO ccrntalning

fon25
various lithium salts, it was found that the activation par'am ters,

a

and To, are very close to for those obtained for the electrical relaxation

time for the a relaxation. For example, for PPO-LiCFSO 3 E =0.056 eV and
3 3

T=214K is 34°C lower than the central glass transition tempera~jre. 25 To

emphasize the correlation, this best fit curve for the electrical

conductivity is plotted in Cig. 8 along with the conductivity ar dat-1 for

the a relaxation. It is seen that the peak positions can be scaled to

follow the same VTF curve au the electrical conductivity. Cons.iently,

this represents evidence that the dominant process contrcling thc ionic

conductivity is the same as that for the a relaxaticn. Since it has been

known for many years that the a relaxation is controlled by iargc scale

segmental motions of the polymer chains, that must also be toe dccinant

process rontrolling ionic conductivity in amorphous pclym.rs. -i course,

this alone does not imply that large scale segmzent~l mct;ono r.. -, sent the

transport mechanism, because the electrical conductivity e?s nrc

12
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p

23,distinguish between ion concentration ana mobility. However, using N;71

NMR techniques on PPO containing NaClO it has been shown that over a

temperature range where the conductivity changes by five orders of

magnitude the carrier concentration changes by only a small amount (aboit

20%).23 Consequently, carrier generation plays only a minor rco,, in tK,-

variation of electrical conductivity with temperature. The ccmrtned .5

results show, then, that the dominant process controlling ion r ton ic

indeed large scale segmental motion of the polymer chains."

A similar correlation exists for the effect of pressure on the

electrical relaxation time for the a relax- i-n and the ... r:

conductivity. Again, an "Arrhenius" activation volume can be caulatd

via:

AVAr r  -kT(1no/ P)T (21)

An updated version of the resultant activation volumes t plotld in Fig.

9 where the "Arrhenius" activation volumes are plotted vs. temp-rature P%

above the "central" glass transition temperature. It is appare.t that for

these materials the effect of ressurc rn the electrical laxatior tine 4

for the a relaxation is the same as tha t for the electrici conductivity.

This represents further evidence fcr the importince cf lar.z S-

sogmn,,nt.,i1 mot ions 's regards inic ndu t ivity_ 1

The strong decrease of tne "'Arrneni s" -ictivation v.1-im t

:ncreasing temperature is a consequence of the VTF-type -aivicr of 'he

conductivity. Specifically, it follows that for Arrheriuas ro:ses the

activation volume scales with the Gibbs energy. That has bee,. ,hewn both

experimentally 41 and theoretically. 2,143 Since t:ie G;ibs ,-.nerg5 for an

Arrher.ius process is calculated from the slope of a plot cf ;o.- vs.

13
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1000/T, the effective Gibbs energy for VTF uerivior must decrease stror.,,ly

as temperature increases, as is apparent from fig. 8. Tnus, the

"Arrhenius" activation volume is expected to decrease as temperature

increases because it varies as the effective Gibbs energy.

It is noted that the effect of ions on the a relaxation c= nnot L.

directly observed because the glass transition is shifted tc h<-,, "-

temperatures and thus the a relaxation, if it exists, will be i:sked by

the high "background" conductivity. However, the effect of ions on the Y -:

relaxation region has been directly rbsurved. The most striing exaKpI, :s

17,38 -for PEO containing KSCN as shown in Fig. 10. 7 The rescltart DR '

spectrum is much more compex than for PEO (Fig. ID). On tne ot, irnd, "

PEO containing NaSCN which showed very little change in th, DR r :cn.

This difference was attributed to the much large size of the potussium ion,

the effect being to produce more distortion in the polymer chain. Next,

when the anion was changed from SCN to C1O as in PEO containing NaCiO,

there was a strong shift in the Y relaxation region 18 . This was clear

ev idence of the intera, n rf the anion with the polymer chain. Finally,

alkaline earth salts produce largr changes in the DR spectrum ar Chown in

37Fig. 11. It is inter(" tir, g t'hat for the better ionic conductor, the

barium salt, that the Y relaxation region is shifted to higher thnperatur,

(higher activation energy).

39Recent TSDC studies nave indicated tnat the 'Y rEllxation region

.ctually consists of several closely spaced relaxations and it is the

relative populations of these which change giving rise to, the shifts in th..

DR spectrum. Typical results are shown in Fig. 12 v u:e . TS' ath for

.£0 containing Na.SCN and NaCIO 4 are plotted. Whii the DR ei t an

14S
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apparently consists of one, albeit very broad, peak in the Y r-lslxcition

region, 17 ,1 8 the TSDC spectrum for the same region indicites thir presn:, .

of at least three closely spaced peaks.

Finally, when ions are added to PEO, it has been shown tii3t the real

part of the dielectric constant of the solid material increase: hy sev-ril

percent. In fact, the increase is approximately that which w<,,1d be

expected for a mixture of salt (with dielectric constants from t to 10) and

polymer. However, this result is for the solid which is its,-!f a mixtire

of amorphous and crystalline regions and it is not clear what t!he r

dielectric constant is in the individual regions.
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Figure 1. (a) Real and (b) imaginary parts of the dielect-'c Cznstant vs.
T(K) for PEQ with molecular weight 4xiO 6. The curves from left to rigt)

are: short !ash-10 Hz; chain link-1O Hz; solid-10 3 Hz; long das Hz;
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Figure 3. Real (a) and imaginary (b) parts of the dielectric.,'-
constant at five frequencies (features from left to right): 10 "

Hz-short dashed lines; 100 Hz-long dased lines; 1000 Hz-solid.,
lines; 10,000 Hz-dot dash (chain) lines; 100,000 Hz-dotted lines,

Straight line segments connect the datum points. Curve (c) is a
TSDC spectrum. A voltage or 200 V was applied to the sample for 006
15 min at a polarization temperature of 190K and the heating rate O

was 6 K/min. ,
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